Analysis of Phyotoestrogens in the aquatic environment using liquid chromatography/electrospray ionization ion trap mass spectrometry by Kang, J.
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
2007 
Analysis of Phyotoestrogens in the aquatic environment using liquid 
chromatography/electrospray ionization ion trap mass spectrometry 
J. Kang 
University of Wollongong, jkang@uow.edu.au 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Kang, Jinguo, Analysis of Phyotoestrogens in the acquatic environment using liquid 
chromatography/;electrospray ionization ion trap mass spectrometry, PhD thesis, School of Chemistry, 
University of Wollongong, 2007. http://ro.uow.edu.au/theses/763 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

ANALYSIS OF PHYTOESTROGENS IN THE 
AQUATIC ENVIRONMENT USING LIQUID 
CHROMATOGRAPHY / ELECTROSPRAY 

































I, Jinguo Kang, declare that this thesis, submitted in fulfilment of the requirements for 
the award of Doctor of Philosophy, conducted in the School of Chemistry, University 
of Wollongong, is wholly my own work unless otherwise referenced. The document 













First of all, I deeply thank my supervisor, Prof. William E. Price. I have been so lucky 
to have such a nice, kindly, enthusiastic, and dependable person as my supervisor. I 
thank him for always providing appropriate direction, advice and assistance in my 
research work. I am indebted to his knowledge and inspiration and have learned so 
much from him. I also appreciate for his support to me to attend the first class 
international academic conference (HPLC 2007) in Belgium. 
 
Secondly, I would like to give special thanks to Dr Stuart Khan and Larry Hick for 
their valuable guide and enthusiastic help in the experiment.  
 
I would thank to members of Mass Spectrometry Laboratory for their friendly help 
during my experiments, and special thanks to Dr Stephen Blanksby, David Harman 
and Michael Thomas.  
 
I also thank Jawad Al Rifai and Joanne George in Civil Engineering for their help in 
the extraction experiments.  
 
Thanks to Glen Austin from Sydney Water and Jeff Kydd from VEOLIA for their 
assistance in sampling. 
 
Thirdly, I thank University of Wollongong for awarding me the APA scholarship 
during my PhD study. 
 
Finally, I give special thanks to my family. Without their support I could not complete 
my PhD study. 
 III





Table of Contents………………………………………………………………… III
List of Tables…………………………………………………………………….. VII
List of Figures..…………………………………………………………………... X
List of Abbreviations…………………………………………………………….. XIV
Abstract………………………..……………………………………………….…XVII






 1.1.1. Classification…………………….………………………………. 2
 1.1.2. Botanical sources………………………………………………… 7
 1.1.3. Dietary phytoestrogens and health………………………….....… 9
 1.1.4. Effects on the environment……..…………………………...…… 14
1.2. Analysis of phytoestrogens…………………………………………….… 17
 1.2.1. Gas chromatography-mass spectrometry………………………... 17
 1.2.2. High-performance liquid chromatography-mass spectrometry..… 20
 1.2.3. Other methodologies…....…………………………….…………. 30
1.3. Thesis objectives and Aims…………..……………………….…………. 32
 1.3.1. Thesis objectives………………………………………………… 32




2.1. Instrumentation and materials….………………………………………… 35
 2.1.1. Instrumentation………………………………...………………… 35
 2.1.2. Chemicals and standard solutions……………………………….. 37
2.2. HPLC conditions…………………………………………………………. 38
 IV
 2.2.1 Surveyor LC devices………..……………………………………. 38
 2.2.2. HPLC conditions………………………………………………… 39
2.3. Mass spectrometry ………………….…………………………………… 40
 2.3.1. The ESI/MS ionization mode………………………………….…. 40
 2.3.2. The MSn scan mode.…………………………….……………….. 41
2.4. Calibrations of standard solutions……………………………………….. 45
 2.4.1. Experiments……….……………………………………...……… 45
 2.4.2. Calibration curves……………………………………………….. 46
2.5.  Solid phase extraction (SPE) and recoveries of the analytes…..………… 49
 2.5.1. SPE experiments..………….…………………………………….. 49
 2.5.2. Recovery experiments……..……………………………………... 49
2.6.  Discussion and conclusions………..……………………………..……… 58
 2.6.1. Optimization of the instrumental conditions…………………….. 58
 2.6.2. Optimization of the solid phase extraction (SPE)…..…………… 61
 2.6.3. Identification of the analytes…………….....……………………. 64
 2.6.4. Method validation………………………..……………………… 69
    
CHAPTER 3 
MASS SPECTRAL FRAGMENTATION STUDIES OF THE 
PHYTOESTROGEN ANALYTES……..………………….………………… 73
3.1. Introduction………..………………..……….…………………………… 73
3.2. Experimental methods..………………………………………………….. 75
 3.2.1. Standards and standard solutions.………………..……………… 75
 3.2.2. Mass spectrometer.……………………………………………… 76
3.3. Results and discussion…………….…………….……..………………… 76
 3.3.1. Fragmentation studies of isoflavones…………………….……… 76




COMPENSATING FOR MATRIX EFFECTS IN QUANTITATIVE 
ANALYSIS OF AQUEOUS ENVIRONMENTAL SAMPLES……………. 106
4.1. Introduction……..………………………………………………..………. 106
 V
4.2. Experimental methods………………………………………….………… 108
 4.2.1. Standards and standard solutions………………………………… 108
 4.2.2. Sample preparation……………….……………………………… 109
 4.2.3. HPLC-ESI-MSn analysis………………………………………… 109
4.3. Results and discussion…………….……………..……………………… 110
 4.3.1. Evaluation of the remaining matrix effects……………………… 110





DETERMINATION OF PHYTOESTROGENS IN AQUATIC 
ENVIRONMENTAL SAMPLES…………………………………………….. 127
5.1. Introduction……..…………..…………………………………………… 127
5.2. Sample preparation…………..………………………………………….. 129
 5.2.1. Sampling sites………..………………………………………….. 129
 5.2.2. Sample preparation………….…………………………………… 134
5.3. Determination of phytoestrogens in aquatic environmental samples....…. 137
 5.3.1. Determination of phytoestrogens in creek and rivulet water…….. 137
 5.3.2. Determination of phytoestrogens in farm runoff water…...….….. 140
5.4. Determination of phytoestrogens in wastewater samples……………….. 142
 5.4.1. Determination of phytoestrogens in influent and effluent from 
different STPs.…………………………………………………… 142
 5.4.2. Case study – removal of phytoestrogens in sewage in treatment 
processes at Gerringong Gerroa STP….…………………………. 147
5.5. Discussion and conclusions…….………….…………………………….. 154
 5.5.1. Occurrence of phytoestrogens in the aquatic environment………. 154
 5.5.2. Efficacy of removal of phytoestrogens in the STPs….………….. 156




6.1. Method development……………………………..……………… ……… 159
 VI
6.2. Matrix effects in the quantitative analysis……………...………………... 161
6.3. Mass spectral fragmentation studies of the analytes..………………….… 162








LIST OF TABLES 
 
 
Table 1.1 Applications of HPLC based techniques for phytoestrogen analysis…………... 22
 
Table 2.1 HPLC mobile phase components and the gradient program…………………… 39
Table 2.2 The final optimized ESI source parameters……………………………………. 41
Table 2.3 Major ions acquired by negative ESI mode in the LTQ ion trap mass 
spectrometer……………………………………………………………………. 43
Table 2.4 SPE recoveries of the analytes in sample of Mullet Creek water………………. 52
Table 2.5 Precisions of the analysis in recovery experiment on sample of Mullet Creek 
water……………………………………………………………………………. 52
Table 2.6 SPE recoveries of the analytes in sample of the STP effluent……………….…. 53
Table 2.7 Precisions of the analysis in recovery experiment on sample of the STP 
effluent……………………………………………………..……………………. 53
Table 2.8 SPE recoveries of the analytes in sample of the STP influent……………….…. 55
Table 2.9 Precisions of the analysis in recovery experiment on sample of the STP 
influent…………...……………………………………………………………… 56
Table 2.10 Recoveries of genistein-d4 in sample of the STP influent…….…...………….. 57
Table 2.11 Instrument conditions for the best HPLC-ESI-MSn analysis of the selected 
isoflavones and lignans……………………………….………………………… 68
Table 2.12 Overall SPE recovery of the analysed compound in the samples……….…….. 70
 
Table 3.1 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for genistein 
and genistein-d4 [m/z with relative abundances (%) in parenthesis]…….……… 79
Table 3.2 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for daidzein 
and daidzein-d3 [m/z with relative abundances (%) in parenthesis]………..…… 85
Table 3.3 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for biochanin 
A, formononetin, and glycitein [m/z with relative abundances (%) in 
parenthesis]……………………………………………………………………... 88
Table 3.4 Product ions obtained from [M−H−CH3]·− ions in ion trap MS3 spectra for 




Table 3.5 Product ions obtained from [M−H−CH3−CO]−· ions in ion trap MS4 spectra for 
biochanin A, formononetin, and glycitein [m/z with relative abundances (%) in 
parenthesis]……………………………………………………………………… 89
Table 3.6 Principal product ions obtained from [M−H]− ions of genistein and genistein-d4
by triple quadrupole mass spectrometry [m/z with relative abundances (%) in 
parenthesis]……………………………………………………………………... 94
Table 3.7 Principal product ions obtained from [M−H]− ions from daidzein and daidzein-
d3 using triple quadrupole mass spectrometry [m/z with relative abundances 
(%) in parenthesis]……………….……………………………………………… 95
Table 3.8 Principal product ions obtained from [M−H]− ions of biochanin A, 
formononetin, and glycitein by triple quadrupole mass spectrometry [m/z with 
relative abundances (%) in 
parenthesis]……………………………………………………………………… 96
Table 3.9 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for enterodiol 
[m/z with relative abundances (%) in 
parenthesis]…………….…………………….. 
98
Table 3.10 Product ions obtained from [M−H− H2O −CH2O]− ions in ion trap MS3 
spectra for enterodiol [m/z with relative abundances (%) in parenthesis]………. 98
Table 3.11 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for 
enterolactone [m/z with relative abundances (%) in parenthesis]…….………… 100
Table 3.12 Product ions obtained from [M−H−CO2]− ions in ion trap MS3 spectra for 
enterodiol [m/z with relative abundances (%) in parenthesis].………….……… 101
Table 3.13 Product ions obtained from [M−H]− ions in ion trap MS2 spectra for 
coumestrol [m/z with relative abundances (%) in parenthesis].………………… 103
Table 3.14 Product ions obtained from [M−H−CO]− ions in ion trap MS2 spectra for 
coumestrol [m/z with relative abundances (%) in parenthesis].………………… 103
Table 3.15 Product ions obtained from [M−H−CO−CO]− ions in ion trap MS2 spectra for 
coumestrol [m/z with relative abundances (%) in parenthesis]……..………….. 103
 
Table 4.1 Residual matrix effect (%) after the compensation by using the internal 
standard GEN-d4……………………………………………………………….. 116
Table 4.2 Concentration ratios of the analytes using different calibration curves…….….. 123
 
Table 5.1 Concentration of analysed phytoestrogens in Mullet Creek water samples……. 138
Table 5.2 Concentration of analysed phytoestrogens in Macquarie Rivulet samples…….. 138
 IX
Table 5.3 Concentration of analysed phytoestrogens in Runoff of dairy farm……………. 141
Table 5.4 Concentration of analysed phytoestrogens in raw sewage and final effluent 
samples from Luggage Point WWTP (Brisbane, Australia)…………………… 143
Table 5.5 Concentration of analysed phytoestrogens in raw sewage and final effluent 
samples of Gerringong Gerroa STP……………………………………………. 144
Table 5.6 Concentration of analysed phytoestrogens in raw sewage and final effluent 
samples of Wollongong STP…………………………………………………… 145
Table 5.7 Concentration of analysed phytoestrogens in different steps of treatment 
samples in Gerringong Gerroa STP collected on 8th Dec. 2006……………….. 152
Table 5.8 Concentration of analysed phytoestrogens in different steps of treatment 




LIST OF FIGURES 
 
 
Figure 1.1.  Chemical structures of mammalian estrogen, 17β-Estodiol and the 
representative examples of three chief classes of phytoestrogens………. 2
Figure 1.2 Chemical structures of the important phytoestrogen isoflavones……... 3
Figure 1.3 Chemical structures of isoflavone malonyl glucoside………………… 3
Figure 1.4 Chemical structures of enterolactone and enterodiol………….………. 4
Figure 1.5 Chemical structures of plant lignans pinoresinol, lariciresinol, 
secoisolariciresinol and matairesinol, and their metabolic pathways to 
enterolactone…………………………………………………………….. 5
Figure 1.6 Chemical structure of coumestrol……………………….…………….. 6
Figure 1.7 Chemical structure of reveratrol and zearalenone………..……………. 6
 
Figure 2.1 Finnigan LTQ linear ion trap MS system used in this study…………. 35
Figure 2.2 ESI process in the negative ion mode (adapted from 
ThermoElectron)………………………………………………………… 36
Figure 2.3 Major internal components of the MS detector (adapted from 
ThermoElectron)………………………………………………………… 37
Figure 2.4 The optimized gradient program of the organic solvent (ACN)……..... 40
Figure 2.5 Calibration charts of the eight analytes in standard solution………….. 46
Figure 2.6 Multiple SRM chromatograms obtained from surface water spiked 
with 100ng/mL of each analyte standard………………………………… 61
Figure 2.7 Diagnostic multiple SRM chromatograms obtained for DAID in a) 
standard solution and b) real wastewater sample……………………….. 65
Figure 2.8 Diagnostic multiple SRM chromatograms obtained for GEN in a) 
standard solution and b) real wastewater sample………………….…….. 66
 
Figure 3.1 Structures of the isoflavones studied in this paper……………………. 77
Figure 3.2 Nomenclature adopted for defining retrocyclization cleavages 
observed in this study……………………………………………………. 77
Figure 3.3 Fragmentation spectra of [M−H]− of genistein and genistein-d4………. 78
Figure 3.4 Change of structure of isoflavone before neutral loss at ring C………. 79
 XI
Figure 3.5 Proposed fragmentation scheme of genistein in ESI- ion trap mass 
spectrometry…………………………………………………………….. 80
Figure 3.6 Fragmentation spectra of three m/z 197 product ions…………………. 82
Figure 3.7 Fragmentation spectra of m/z 227 and its corresponding deuterated 
anion m/z 230……………………………………………………………. 83
Figure 3.8 Formation of ion through loss of ketene in the deuterated fragment….. 83
Figure 3.9 Fragmentation spectra of [M−H]− of daidzein and daidzein-d3……….. 85
Figure 3.10 Fragmentation spectrum of m/z 196 of daidzein…...………………… 86
Figure 3.11 Proposed fragmentation scheme for daidzein in ESI- ion trap mass 
spectrometry……………………………………………………………... 86
Figure 3.12 Fragmentation spectra of [M−H−CH3]−· of biochanin A...…………… 87
Figure 3.13 Fragmentation spectra of [M−H−CH3]−· of formononetin…………… 87
Figure 3.14 Fragmentation spectra of [M−H−CH3]−· and [M−H−CH3−CO]−· of 
glycitein…......…………………………………………………………… 88
Figure 3.15 Fragmentation spectra of m/z 240 and m/z 224 of biochanin A.…….. 89
Figure 3.16 Proposed fragmentation scheme of biochanin A by ESI- ion trap 
mass spectrometry……………………………………………………….. 90
Figure 3.17 Proposed fragmentation scheme of Formononitin in ESI- ion trap 
mass spectrometry……………………………………………………….. 91
Figure 3.18 Proposed fragmentation scheme for the m/z 240 radical anion of 
glycitein in ESI- ion trap mass spectrometry……………………………. 92
Figure 3.19 Fragmentation spectra of m/z 212 and m/z 211 of glycitein……….… 93
Figure 3.20 Proposed scheme for the formation of the m/z 147 ion for 
glycitein…………………………………………………..……………… 93
Figure 3.21 Basic carbon skeleton of the enterolignans………………………….. 96
Figure 3.22 Fragmentation spectra of [M−H]− m/z 301 and [M−H−H2O−CH2O]− 
m/z 253 of enterodiol…………………………………………… 97
Figure 3.23 Proposed fragmentation scheme of enterodiol in ESI- ion trap mass 
spectrometry…………………………………………………………….. 99
Figure 3.24 Fragmentation spectra of [M−H]− m/z 297 of enterolactone………… 99
Figure 3.25 Fragmentation spectra of [M−H− H2O −CH2O]− m/z 253 of 
enterolactone…………………………………………………………….. 100
 XII
Figure 3.26 Proposed fragmentation scheme of enterolactone in ESI- ion trap 
mass spectrometry………………………………………………………. 101
Figure 3.27 Fragmentation spectra of a) MS2, b) MS3 and c) MS4 of coumestrol.. 102
Figure 3.28 Proposed fragmentation scheme of coumestrol in ESI- ion trap mass 
spectrometry…………………………………………………………….. 104
 
Figure 4.1 Signal suppression ranges of GEN-d4 (internal standard) in three 
sample extracts. The RFs of GEN-d4 spiked in the sample extracts 
(n=25) compared with the mean value obtained in the solvent (n=25). 
The line in boxes represents the median, the boxes the 25-75% 
percentile, the whisker extends to the extreme, and the asterisks are 
statistical outliers (distance to box exceeds 1.5 times the box)…………. 113
Figure 4.2 Signal suppression ranges of each analyte in a) surface water extracts 
b) STP effluent extracts c) STP influent extracts. The RFs of analytes 
spiked in each of the sample extracts (n=25) compared with the mean 
values obtained in the solvent (n=25). Refer to Fig.1 for explanation of 
the boxes in the plot……………………………………………………… 114
Figure 4.3 Internal standard calibration curves in different matrices…………….. 118
Figure 4.4 Ratios of the concentrations by the three standard calibration methods 
to those by standard addition in the analysis of STP influent samples 
(mean±SD, n=8)…………………………………………………………. 124
 
Figure 5.1 Location of creeks in the sampling sites (spots marked by red circle)… 129
Figure 5.2 A view from Mullet Creek (Kanahooka, NSW, Australia)……….…… 130
Figure 5.3 A view from Macquarie Rivulet (Yallah, NSW, Australia)…………… 131
Figure 5.4 An aerial view of the dairy farm area in Toolijooa, NSW, Australia 
(obtained by Google Earth 2007) and showing of the two sampling 
spots……………………………………………………………………… 131
Figure 5.5 An aerial view of Luggage point WWTP (Brisbane, QLD, 
Australia)………………………………………………………………… 132
Figure 5.6 An aerial view of Gerringong Gerroa STP (Gerringong, NSW, 
Australia)………………………………………………………………… 133
Figure 5.7 An aerial view of Wollongong STP, NSW, Australia (obtained by 
Google Earth 2007)…………………………………….………………… 134
Figure 5.8 Main procedures for SPE of aquatic samples…………………………. 135
 XIII
Figure 5.9 Gerringong Gerroa STP Process Flow Diagram and sampling spots 
(adapted from reference of Veolia Water Australia)……………..……… 148
Figure 5.10 The clarifier in Gerringong Gerroa STP Process………………..…… 149
Figure 5.11 Average concentrations of the analysed phytoestrogens in water 
samples from the two small rivers (Mullet Creek and Macquarie Rivulet)
and a dairy farm…………………………………………………………. 
Figure 5.12 Average concentrations of the analysed phytoestrogens in effluent 





LIST OF ABBREVIATIONS 
 
 
ACN acetonitrile   
ADWF average dry weather wastewater flows  
APCI atmospheric pressure chemical ionisa-tion  
ATAD autothermal thermophilic aerobic digestion  
BAC biological activated carbon  
BIA biochanin A 
BPA bisphenol A  
CE capillary electrophoresis  
CEAD coulometric electrode array detector  
CHD coronary heart disease 
CI chemical ionization 
CID collision induced dissociation 
CLar cyclolariciresinol 
COUM coumestrol 
CZE capillary zone electrophoresis  





ED electrochemical detection  
EDC endocrine disrupting chemical 
EE2 17α-ethynylestradiol 
EI electron ionization 
ELISA enzyme-linked immunosorbent assay 
END enterodiol 
ENL enterolactone 
EQ equol  
ER estrogen receptor 
 XV
ESI electrospray ionization 
FORM formononetin 
GEN genistein 
GLU glucosidic form 
GLY glycitein 
HEL hydroxyenterolactone 
I.S. internal standard  
ID-GC-MS isotope dilution gas chromatographic mass 
spectrometric method 
IPs identification points 
LAR Lariciresinol 
LDL low density lipoprotein 
LLE liquid-liquid extraction 
LLQ lower limit of quantitation 
LOD limit of detection  
LOQ limit of quantitation  
MALDI-TOF-MS matrix-assisted laser desorption ionization time-
of-flight mass spectrometry  
MAT matairesinol  
MDL method detection limit  
ME matrix effect  
MEKC micellar electrokinetic capillary 
chromatography  
MRM multiple selected reaction monitoring 
NE neuroendocrine 
NI negative ion source  
NP nonylphenol 
O-DMA O-desmethylangolensin 
PDA photodiode array detector  
PI positive ion source 
PIN pinoresinol  
PSA prostate specific antigens 
RDA retro Diels-Alder 
 XVI
RF response factor 
RIA radioimmunoassay 
RP reverse phase 
SECO secoisolariciresinol  
SIM selected ion monitoring 
SPE solid phase extraction 
SRM selected reaction monitoring 
STP sewage treatment plant 
SYR syringaresinol  
TFA trifluoroacetic acid  
TIC total ion current 
TR-FIA time-resolved fluoroimmunoassay  







Phytoestrogens are a subclass of endocrine disrupting chemicals (EDCs). Like other 
EDCs, research has demonstrated that phytoestrogens also have adverse effects on 
wildlife in the aquatic environment. In the past few years, many analytical methods 
have been developed. However, most of them were for natural and synthetic estrogens 
or pharmaceuticals in the environment, and very few involved phytoestrogens. So far 
as we know, there are no literature reports about the occurrence of enterolignans in the 
environment and wastewater samples. So, the occurrence and distribution of the three 
important type phytoestrogens (isoflavone, enterolignans and coumestrol) in the 
aquatic environmental samples and wastewater need to be fully investigated in order 
to assess their potential impact. 
 
In this work, a simultaneous LC-ESI-MSn analytical method for the analysis of the 
important phytoestrogen isoflavones, enterolinans, and coumestrol at nanogram / L 
levels in the aquatic environment and wastewater samples has been developed and 
optimised. This method was successfully used in the analysis of different aqueous 
samples with high selectivity and sensitivity. This LC-ESI-MSn analytical method has 
been validated by its sensitivity, accuracy, and precision. The method detection limit 
(MDL) was found to be from 0.1 to 3 ng/L in surface water and STP effluent; and 
ranged from 0.5 to 5 ng/L in STP influent. Accuracy was determined by the recovery 
experiments and evaluated by relative standard deviation (RSD %). The average 
recoveries of the all analytes in the different matrix samples were ranged from 85% to 
95%. The RSD (%) values for all analytes in the surface water and STP effluent were 
found <6.5%, and in STP influent sample were <8.1%.  
 
Signal suppression is a common problem in the LC-ESI-MS quantitative analysis. In 
this work matrix effects were tackled by two ways: one way was to reduce the matrix 
interference by optimisation of sample preparation and improvement of 
chromatographic separation, another way was to select an appropriate calibration 
approach to further compensate the remaining matrix effects.  Although approaches 
applied in sample preparation have effectively reduced the matrix interference, the 
matrix interference could not be totally eliminated from the sample extracts. Internal 
 XVIII
standard has shown to be the best way to compensate for matrix effects, but in the 
multi-component analysis one internal standard was deficient in compensating for the 
signal suppression on all analytes. Finding internal standards for each analytes is often 
difficult or impossible. To solve this problem and further compensate for remaining 
matrix effects, a matrix-matched calibration approach was selected. It has been clearly 
demonstrated in a systematic study that matrix-matched calibration with one internal 
standard is thus a practical alternative option to compensate for residual matrix effects 
in multi-component analysis of environmental samples.  
 
With the increasing use of mass spectrometric techniques for identification and 
quantitation, a clear understanding of the fragmentation behaviour of the analysed 
phytoestrogen isoflavones, enterolignans and coumestrol is required. This enhanced 
understanding will, in addition, aid the structural identification of other flavonoids by 
MS. To our knowledge, no systematic study has been reported of the fragmentation 
and structures of isoflavones in negative ion electrospray ionization mode by multi-
stage mass spectrometric (MSn) fragmentation using ion trap mass spectrometry. 
Furthermore, enterolignans and coumestrol are two important types of phytoestrogens, 
but so far as we know, there is no literature has been reported on their MS 
fragmentation pathways. The fragmentation studies of isoflavones have elucidated the 
fragmentation pathway for deprotonated isoflavones in electrospray ionization using 
MSn ion trap mass spectrometry and triple quadrupole mass spectrometry. The 
fragmentation pathway of enterodiol, enterolactone and coumestrol were also 
proposed for the first time.  
 
Analytical results in this work showed that all analysed phytoestrogens were found to 
be present at trace levels in the aquatic environment, whilst some of the analytes were 
present at comparative high concentrations such as daidzein and enterolactone. 
Comparatively high levels of daidzein, enterolactone, genistein and formononetin 
were also detected in dairy farm runoff. Enterolactone were analysed in aquatic 
environment samples for the first time and was found at comparatively high levels. In 
wastewater samples, high levels of analytes were found in the STP influent. But in the 
STP effluent samples, concentrations of the analysed phytoestrogens were found at 
very low concentrations, especially in the final treated effluent from advanced tertiary 
treatment plants. These analytical results suggest that the source of phytoestrogen 
 XIX
contamination in the environment samples seems not limited to the discharges of STP 
effluent, but was more likely attributed to the waste from livestock in the nearby 
farmyards. Comparatively higher levels of the analytes detected in the dairy farm 
runoff water samples supported the supposition. Another possible contamination of 
the analysed phytoestrogens is the dried and spoiled grass on the ground and in the 
farm grass silage, but more research on the livestock waste and spoiled grass are 
needed to make this conclusion, and would be interesting. 
 XX
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